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I n t r o d u c t i o n
Recently n-GaAs/GaAl~s/n-GaAs s t r u c t u r e s have been s t u d i e d e x t e n s i v e l y i n o r d e r t o understand b a r r i e r p r o p e r t i e s . Watanabe e t a l . / l / have used a capacitance-voltage (CV) p r o f i l i n g technique, which was developed by Kroemer / 2 / , t o measure t h e band gap d i s c o n t i n u i t y . They found A E~/ A E t o be 0.62, t a k i n g a c o r r e c t i o n f o r t h e i n t e rf a c e charge d e n s i t y i n t o account. Arxold and coworkers /3/ used thermionic emission d a t a t o determine t h e b a r r i e r h e i g h t . A conduction band d i s c o n t i n u i t y of 65 % of t h e band gap d i s c o n t i n u i t y f o r aluminum c o n c e n t r a t i o n s o f 54 8 , 70 % and 100 % could be deduced from h i s d a t a . Hickmott e t a l . /4/ have combined current-voltage (IV) and CV measurements on n GaAs/Ga~lAs/n+GaAs c a p a c i t o r s with d i f f e r e n t G a A l A s l a y e r t h i c knesses t o determine t h e conduction band d i s c o n t i n u i t y . T h e i r r e s u l t f o r AE /AE was 0.63 + 0.03. Furthermore t h e y have c a l c u l a t e d t h e e f f e c t of band bending, s u e ?o negative charge i n t h e undoped GaAlAs. Resonant Fowler-Nordheim t u n n e l i n g through a n -~a A s /~a A 1~s / n +~a~s s i n g l e b a r r i e r h e t e r o s t r u c t u r e was observed f i r s t by Hickmott e t a l . /S/. I n t h i s s t r u c t u r e e l e c t r o n s tunnel from an accumulation l a y e r through a t r a p e z o i d a l b a r r i e r . O s c i l l a t i o n s were observed i n t h e I V c h a r a c t e r i s t i c s and could be explained q u a n t i t a t i v e l y by t h e t h e o r y of resonant Fowler-Nordheim t u n n e l i n g /6,7/.
W e have i n v e s t i g a t e d conventional Ga~s/GaAlAs/GaAs h e t e r o s t r u c t u r e s , where e l e c t r o n s t u n n e l from a two dimensional e l e c t r o n gas (2DEG) through the GaAlAsbarrier i n t o a shallow alloyed ohmic c o n t a c t /8/. P e r i o d i c s t r u c t u r e i s observed i n t h e dI/dV c h a r a c t e r i s t i c s of t h e s e samples, which can be explained using aFowler-Nordheim
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19875101 tunneling theory. W e used t h i s d a t a f o r t h e f i r s t time t o c a l c u l a t e t h e conduction band d i s c o n t i n u i t y AE from t h e p o s i t i o n of t h e observed o s c i l l a t i o n s .
Experimental
Three types o f GaAs/GaAlAs/Ga~s samples were used i n o u r experiments ( s e e Table II5 A l l samples had a p-doped GaAs l a y e r , with a n a c c e p t o r concentration o f 1 . 0~1 0 , followed by a GaAlAs s p a c e r , t h e n n-doped GaAlAs and f i n a l l y a cap l a y e r of undoped GaAs. The c o n t a c t s t o t h e 2DEG were made using a n AuGe a l l o y (Au:Ge = = 8 : l ) . A g a t e c o n t a c t was formed by a shallow d i f f u s i o n of AuGe i n t o t h e GaAlAs l a y e r . The b a r r i e r t h i c k n e s s db was determined from CV measurements t a k i n g t h e d i splacement of t h e 2DEG from t h e G a A s /~a~l~s i n t e r f a c e i n t o account. A l l I V , dI/dV, and dZI/dV2 measurements were made using a 4-terminal a c conductance bridge with a modulation frequency o f 140 Hz.
A l l samples showed an o s c i l l a t o r y behaviour i n t h e f i r s t and second d e r i v a t i v e s of t h e I V c h a r a c t e r i s t i c s measured a t 4.2 K, which can be explained by Fowler-Nordheim t u n n e l i n g . The s t r e n g t h of t h e o s c i l l a t i o n s was d i f f e r e n t on a l l samples, due t o t h e i r r e p r o d u c i b l e depth and abruptness of t h e shallow a l l o y e d ohmic c o n t a c t s . Another reason f o r t h e weak appearence of t h e o s c i l l a t i o n s i s t h e r e l a t i v e l y s t r o n g impurity s c a t t e r i n g i n t h e b a r r i e r .
R e s u l t s
The b a n d s t r u c t u r e ( Fig. 1 ) was c a l c u l a t e d a f t e r S t e r n / g / . For t h e c a l c u l a t i o n of t h e t u n n e l i n g c u r r e n t a one e l e c t r o n p i c t u r e was a p p l i e d . I n a preliminary anal y s i s e f f e c t i v e mass e f f e c t s and any r e s i d u a l charge i n t h e spacer were neglected.
Shubnikov-de Haas measurements have shown t h a t t h e e l e c t r o n concentration Ns s a t u r at e s w i t h g a t e v o l t a g e i n forward b i a s . A s i m i l a r e f f e c t was observed by Hirakawa /10/. Since t h e change i n e l e c t r o n c o n c e n t r a t i o n w i t h g a t e v o l t a g e V , i n forward b i a s , i s small, Ns i s approximately independent of t h e a p p l i e d voltage.
Under t h e s e condit i o n s we have used a q u a s i -f r e e p a r t i c l e approximation f o r t h e t u n n e l i n g c u r r e n t from t h e 2D-bound s t a t e , which s i m u l a t e s t h e e v o l u t i o n of t h e bound wavepacket by a f r e e incoming wave a t t h e same energy. For t h e c u r r e n t of a p a r t i c l e i n t h e a t h e l e c t r o n subband one o b t a i n s /IT/:
Here T(E ) denotes t h e t r a n s m i s s i o n r a t e of a f r e e p a r t i c l e with energy Ea, and t h e p r e f a c t o a s d e s c r i b e t h e e f f e c t i v e incoming p a r t i c l e f l u x . This f l u x i s approximately given by t h e simulated v e l o c i t y devided by t h e confinement width. The t u n n e l i n g c u r r e n t i s d i r e c t l y p r o p o r t i o n a l t o t h e transmission c o e f f i c i e n t of t h e b a r r i e r . The transmission i s then c a l c u l a t e d numerically using a piecewise l i n e a r b a r r i e r a f t e r Wayne e t a l . /12/. I f t h e concentration of e l e c t r o n s N and t h e d e p l e t i o n charge N az-eknown, one can c a l c u l a t e V d SP' E , and Ef (Fig. 7 
) a f t e r Stern / g / . W e have v a r i e d t h e band gap d i s c o n t i n u i t y <lrfo:! t h e measured v a l u e s of N,, Nd, and db, i n o r d e r t o f i t t h e p o s i t i o n of t h e c a l c u l a t e d minima of t h e dI/dv c h a r a c t e r i s t i c s t o t h e measured minima i n dI/dV. Fig. 2 shows a comparison betyeen t h e c a l c u l a t e d minima of d ( l o g I ) / d V and our experimental d a t a f o r Sample 1360-4.
A l l of t h e measured minima a g r e e w e l l with t h e o r y . The f i t , w a s c a r r i e d o u t on samples with aluminurn concent r a t i o n s of 30 8 , 36 % and 40 %. The measured b a r r i e r h e i g h t s f o r t h e t h r e e aluminum c o n c e n t r a t i o n s were 226 meV, 272 meV and 304 meV r e s p e c t i v e l y . I t can be seen, t h a t t h e r a t i o of A E~/ A E = 0.61 i s constant f o r a l l samples, which i s i n good g agreement with r e c e n t l y published r e s u l t s /l -5 / . The experimental e r r o r f o r AE,/AE~ i s approximately k0.04, mainly due t o e r r o r s i n t h e determination of the b a r r i e r t h i c k n e s s . A l t e r n a t i v e l y our c a l c u l a t i o n s could be used
t o determine t h e d e p l e t i o n charge i f t h e b a r r i e r h e i g h t i s given. The main advantage of our method i s t h a t it needs no a b s o l u t e v a l u e s of t h e t u n n e l i n g c u r r e n t , s i n c e t h e b a r r i e r h e i g h t can be determined from t h e p o s i t i o n s of t h e o s c i l l a t i o n s alone. T h i s means t h a t leakage
c u r r e n t s and s e r i e s r e s i s t a n c e s have no i n f l u e n c e on t h e r e s u l t s .
A f t e r S t e r n / g / , t h e i o n i s a t i o n energy of t h e donor i s i d e n t i c a l with t h e Fermi l e v e l i f t h e GaAlAs i s h i g h l y doped and i f t h e r e i s only one type of donor l e v e l i n
t h e G a A l A s . I n a r e c e n t paper /13/, it i s shown t h a t t h e r e i s a shallow and a deep donor l e v e l i n t h e GaAlAs, and t h a t t h e r e l a t i v e concentrations vary with t h e aluminum c o n c e n t r a t i o n X . For X-values X = 0.4 and h i g h e r , t h e r e l a t i v e concentration of deep donors i s l a r g e r t h a n 90 %. Therefore, i n t h e case o f h i g h doping, t h e Fermi l e v e l Ef can be i d e n t i f i e d with t h e depth of t h e deep donor l e v e l EDb i f t h e concent r a t i o n of t h e shallow donors i s neglected. W e found E t o be approximately 130 meV below t h e conduction band i n t h e GaAlAs f o r x = 0.4. T R ?~ value i s lower than S c h u b e r t ' s / l 3 / , which i s 140 meV, b u t one has t o keep i n mind, t h a t t h e r e s u l t may be s l i g h t l y influenced by t h e r e s i d u a l concentration of shallow donors.
Most r e c e n t l y , we have i n v e s t i g a t e d t h e same type o f samples a s described above b u t with a semitransparent Au-Schottky g a t e c o n t a c t . On t h i s samples t h e I V charact e r i s t i c s and i t s d e r i v a t i v e s were measured b e f o r e and a f t e r i l l u m i n a t i o n . Before t h e samples were i l l u m i n a t e d w i t h a red LED l i g h t p u l s e no s i g n i f i c a n t s t r u c t u r e was observed. A f t e r t h e samples were exposed t o l i g h t , we have observed o s c i l l a t i o n s i n t h e f i r s t d e r i v a t i v e of t h e I V c h a r a c t e r i s t i c i n forward and r e v e r s e b i a s . Furthermore t h e capacitance a t z e r o v o l t a g e was increased d r a s t i c a l l y . From t h e capacitance measurements we conclude t h a t a considerable number of e l e c t r o n s a r e l o c a t e d i n s i d e t h e G a A l A s , which r e s u l t s i n a formation of subbands. I n a d d i t i o n t h e d e p l e t i o n charge i n t h e GaAs i s decreased. Fig. 3 shows t h e b a n d s t r u c t u r e b e f o r e and a f t e r i l l u m i n a t i o n . I f v o l t a g e i s a p p l i e d t o t h e junction, e l e c t r o n s t u n n e l through t h e b a r r i e r i n t o empty subbands, and we a r e s u r e t h a t t h e observed s t r u c t u r e i n t h e dI/dV c h a r a c t e r i s t i c s i s due t o subband-subband resonance. Rough approximations have shown t h a t t h e p e r i o d i c i t y of t h e o s c i l l a t i o n s i n dI/dV (Fig. 4 ) have t h e c o r r e c t o r d e r of magnitude and s e l f -c o n s i s t e n t c a l c u l a t i o n s a r e i n progress t o e x p l a i n t h e e f f e c t more p r e c i s e l y .
I n summary, we have measured I V , dI/dV, and d'I/dV2 c h a r a c t e r i s t i c s o f conv e n t i o n a l h i g h e l e c t r o n mobility t r a n s i s t o r s , where e l e c t r o n s t u n n e l from t h e 2DEG through a b a r r i e r i n t o a shallow a l l o y e d ohmic c o n t a c t . The observed o s c i l l a t i o n s i n t h e d 1 / d~ c h a r a c t e r i s t i c s have t h e i r o r i g i n i n a Fowler-Nordheim t u n n e l i n g process, b u t a r e weaker than p r e d i c t e d by t h e o r y , due t o t h e non i d e a l s i t u a t i o n i n our samples. A f i t of t h e theory t o t h e experiment allows a determination of AE,/AE = g = 0.61 + 0.04, which agrees w e l l w i t h t h e r e s u l t s published r e c e n t l y / l -4 / . A s f a r a s we know, t h i s i s t h e f i r s t a p p l i c a t i o n of Fowler-Nordheim t u n n e l i n g t o a determin a t i o n of t h e b a r r i e r h e i g h t . The deep donor l e v e l i n t h e GaAlAs i s found t o be 130 meV below t h e conduction band. F i n a l l y , r e c e n t experiments have shown evidence of subband-subband tunneling i n ~a~s / G & l~s h e t e r o s t r u c t u r e s , where subbands i n t h e GaAlAs a r e formed by i l l u m i n a t i o n . 
